INTRODUCTION
Dynamic soaring is one out of 4 different types of soaring flight, which can be explained as the enhancement of flight by extracting energy from the surrounding air. The three other types of energy are thermal, slope and gust soaring. Dynamic soaring stands apart from the other three. This is because it is a flight in which an internal thrust mechanism is not required. The aircraft makes use of wind 978-1-4799-6369-0/15/$31.00 ©2015 IEEE gradient, which is the non-uniform free-stream velocity in which the local air has a steep vertical velocity gradient. Glider performing dynamic soaring maneuver to gain speed on the leeward side of a geophysical feature.
Circular flying maneuvers are carried out within the region of airflow that results in an increase its speed. To improve the accuracy of simulation of dynamic soaring strategies, an experimental method is proposed by subjecting the fixed wing into a wind tunnel test. The fixed wing specimen is an RG-15 airfoil.
RG-15 was used because it is one of a few specific airfoils used on unpowered radio control (RC) gliders which have demonstrated extreme speeds in dynamic soaring flight.
A. Literature Review
Research carried out in the area of dynamic soaring can be roughly divided into two categories. The first category has been dominated by motion and path optimization algorithms. The research has been dependent on heuristic and analytical methods which modeled the aerodynamics of the wind gradients based on perceived heuristics.
The optimization results were verified using simulations. The results were not physically or really verified. Neither did the results correspond with what was observed by the speed gains obtained by RC pilots.
Other dynamic soaring related research was as follows. Kiceniuk (3) proposed some heuristic techniques for soaring trajectory. Boslough (10) recommended using genetic algorithms. Wharington (8) used a simulated annealing method for parameter search. Sachs and da Costa (6) reviewed the problem of optimizing trajectories for ridge soaring.
Zhao (9) converted the optimal control problems into parameter optimization with a collocation method. Then it is solved numerically by using standard non-linea; optimization software. Park (11) worked on new non linear guidance logic. The second set of research has been aerodynamic and focuses on boundary layers of wings, fuselages, their combinations and other bluff bodies. The boundary layers are of the moving objects and the operating Reynolds numbers are very different from those experienced by small RI C pilots or UA Vs.
More importantly, the phenomenon experienced by these aircraft with laminar flow airfoils has previously been falsely attributed to the conservation of energy within each cycle. However, that theory fails to explain the increase in speed with every revolution. The climbing phase in dynamic soaring does NOT occur with a corresponding drop in speed, which produces the net increase in speed per revolution, hence disproving the assumption by Zhao (9).
B. Analytical techniques
Lawrence and Sukkarieh in [7] did extensive research on the optimal circular maneuver for speed gain. The control parameter was angle of attack. Specifically, the focus was upon key parameters which affect the success of dynamic soaring, which are wind gradient, glide slope angle free stream air speed and speed gain. In body axis, the axial speed, V, variation with real flight time, t seconds, is defined by the following equation: 
(1) The first and second tenns describe the complete drag polar, namely fonn drag and drag due to lift. The third term from the equation is the contribution of flight speed changes by gravity, while the fourth term is the contribution from a vertical wind speed gradient. Selection of the optimal flight path angle, YOplllll ll l1l follows the empirical relation given by the following equation:
The output was verified using simulation. It makes implicit assumptions which are not initially apparent. Firstly, it is assumed that the vertical wind gradient is constant regardless of the position of the aircraft with respect to the slope. This is not true because it is known that the boundary layer varies with distance from the hill. Furthennore, the flow will have laminar, transition and turbulent flows depending on this distance, resulting in vastly differing performance of the airfoil. Secondly, the equation assumes the lift and drag coefficients generated are also constant at all points of the maneuver. This is derived from the implicit assumption of a very linearly predictable flow field, while the non-linearity is from the higher powers in the force balance equation (2) . This paper attempts to begin the process of verifying the implicit assumptions and presents the preliminary results thereof.
II. THEORY
There are two methods used to ensure the reliability of the baseline data obtained, which is the 3 dimensional finite aspect ratio airfoil data to be carried out. The first is data obtained from XFOILS which is an on-line open access software using panel methods technique. The second method is a compilation of airfoil data published by the University of Illinois at Urbana Champagne (UmC) which is reference (1). Since there has been no numerical method analysis available as yet of the specific configuration of the airfoil within wind gradients caused by geophysical boundary layers.
III. EXPERIMENTAL SET -UP AND PRECAUTIONS
A. Methodology of establishing the baseline Figure 5 . RG-15 without the hill model A baseline set of data was obtained to establish the accuracy of the experimental set-up as well as instruments used to obtain the data. The base line set of data was obtained by performing the following set of wind tunnel experiments. Prior to the wind tunnel being run, the three point balance was calibrated for Lift force measurement. Then the experiment proper was conducted. Firstly, the airfoil was mounted on the three point balance in the wind tunnel. The angle of attack was then set at 0 degrees and the force balance was zeroed.
The wind tunnel was then turned on and the forces obtained at four different wind tunnel speeds, which are 5, 10, 15 and 20 ms-I . These speeds correspond to Reynolds numbers 92712, 185424,278136 and 370849 respectively. They correspond to a true air speed range of between 20 to 80 km h-I , which are the typical operating speeds of hand launched tactical UASs. The angle of attack was varied to three other angles of attack, which are 2, 4 and 6 degrees. The experiments were repeated for these angles of incidence and the results were recorded. All the lift forces measured were then converted to lift coefficients. The airfoil was constructed out of a composite material of foam core wrapped with a single layer Kevlar with impregnated Epoxy resin using the wet lay-up method. The airfoil had primary and secondary aluminum spars at 30 and 70 % chord position for mounting onto a three point balance.
The above design of the airfoil was to ensure minimum aeroelastic flexing as well as surface roughness effects during wind tunnel tests, thereby ensuring a high degree of accuracy in the data.
The experiment is carried out on RG-15 airfoil in wind tunnel.
• Rolf Girsberger RG-15 is a low Reynolds number, low speed airfoil Two data adjustments are required to be carried out on the raw data. The first correction was the two dimensional (2D) to three dimensional (3D) flow The corrected lift coefficients are tabulated in Table 1 . The 2D corrected data was compared against two other independent sources, from the Uill C site in reference (1) and XFOIL software in reference (2) respectively.
The second correction had to be done for airflow leakages from the test section. The correction values were obtained based on calibration tests done on a wind tunnel model of known parameters, the results of which were published in reference (6) .
The final benchmarking data show reasonable correlation thereby establishing the reliability of our technique, equipment and results.
E. Hill structure dimensions
The hill model was made of aluminum metal sheet as shown in figure 4 . The purpose of the hill model is to create the wind gradient effect. The wind gradient effect cannot be created if the design of the hill model is too shallow. On the other hand, vortices will be created between the hill model and the airfoil if the design of the hill model is too steep. In order to avoid these conditions to happen in the wind tunnel test, the hill model is designed as shown in figure 6 . The distance from the peak of the hill model until the leading edge of the airfoil is denoted by symbol x, while the height of the hill model is denoted by symbol y. The value of x is fixed as 0.12m, while the value of y is fixed as 0.22m. The next step was to carry out the experiments while the aerofoil was in a wind gradient as in figure 7 . The fust precaution was to ensure that the hill did not provide sufficient blockage that would cause an error in the reading. The pitot static tube that measured the tunnel speed was place above the airfoil aft of the simulated hill.
IV. RESULTS AND DISCUSSION
The results for the experiments with and without the hill are tabulated in table 1. In the case of CL versus angle of attack with the hill model shown in figure 9 , the CL value increases until 2° and then it drops gradually from 2° onwards for the Reynolds number of 92182. The CL value keeps increasin� from 0° to 4° and then it drops gradually from 4° until 6 for the Reynolds number of 184365. The trend is also seen for Reynolds numbers of 276547 and 368730.
As anticipated, from the charts, it is observed that the CI value increases with Reynolds number. Also, the CI value increases until a certain angle of attack, after which it stalls.
However, more importantly, the values in CI in the case of the wind gradient were higher for the same angle of attack when compared to the airfoil in a uniform freestream. In addition, the lift curve trends observed appeared to match the phenomenon for higher angles of attack for the same airfoil. The gradual pattern seen in both figures 8 and 9 are a desirable feature.
There is an abrupt decrease in CI value after stall for the case with the hill model when compared to the case without the hill model. It is possible that this may be attributed to fact that the effective angle of attack is Figure 9 . Graphs of lift coefficient with angle of attack, alpha with hill actually higher due to the air deflected from the windward side of the hill. The hill causes the airfoil to stall prematurely but gently.
So it can be concluded that depending on the Reynolds number, the airfoil would experience higher CI values at lower angles of attack, but the advantage is reduced at higher angles of attack as stalling symptoms are seen prematurely.
From Airfoil tools, the airfoils with thickness ratio (tic) between 6 -10% generally display abrupt stall while those with tic more than 14% display a gradual stall. However, laminar flow airfoil at low Reynolds number exhibits milder stall characteristic. Hence, this is the reason why it displayed a milder stall in the case with hill, although the thickness ratio of the RG-15 airfoil is 8.9%.
This phenomenon leads to the study of the second phenomenon, which is the angle at which Clm•x occurs.
B. Effect of geophysical wind gradients on C1max
In this analysis, the previous data is plotted on 4 separate graphs to compare the trends for Clm•x, which is an important value for the optimization of dynamic soaring. In the case of Re = 92712 in figure 10 without the hill model, the lift increases until 2° and without undergoing stalling condition, the lift further increases until 6°. In the case of Re = 92182 with the hill model, the lift increases until 2° and there is an abrupt drops of the lift from 2° until 6°. Hence, the Clmax at 2° is 0.172764. In the case of Re = 185424 in figure 11 without the hill model, the lift increases gradually from 0° to 4° and the airfoil stalled at 4° onwards. Therefore, the Clmax at 4° is 0.4315455. The same goes to Re = 184365 with the hill Figure 12 . Graphs of lift coefficient with angle of attack. alpha with and without hill at Re numbers 275 000+ model and the Clmax at 4° is 0.6406137. However, the lift is higher in the case with the hill model.
In the case of Re = 278136 in figure 12 without the hill model, the lift increases gradually from 0° to 4° and the airfoil stalled at 4° onwards. Hence, the Clmax at 4° is Figure 13 . Graphs of lift coefficient with angle of attack, alpha with and without hill at Re number 360 000+
1.0844325. The same goes to Re = 276547 with the hill model and the Clmax at 4° is 1.4991948. However, the lift is higher in the case with the hill model.
In the case of Re = 370849 in figure 13 without the hill model, the lift increases gradually without undergoing stalling condition from 0° until 6°. In the case of Re = 368730 with the hill model, the lift increases gradually from 0° to 4° and the airfoil stalled at 4° onwards. Thus, the Clmax at 4° is 2.5097103.
In four different types of airspeeds, the lift is higher for the experiment with the hill model when compared to the experiment without the hill model. More importantly, the maximum lift coefficient occurs at lower angles of attack but produces higher values than conditions without the hill.
The exact mechanism by which this limited lift enhancement is achieved cannot be confirmed until the following two investigations are carried out. Firstly, flow visualization has to be performed to determine whether the airfoil is within a wind gradient, or simply in a deflected free stream, or a little of both. Secondly, it is possible to deduce this mechanism by varying the X and Y position of the leading edge of the airfoil with respect to the ridge of the hill.
The reason why the airfoil was not tested beyond 6 degrees was that the trend of enhanced lift had already changed prior to that for the configuration and parameter tested. It is accepted that the trend could very well be different at different X and Y values, and would fonn an effective angle of attack Figure 14 . How the hill varies the free stream to create a greater effective angle of attack.
integral part of continuing research.
This shows that dynamic soaring indeed will produce a higher lift effect that is beneficial to all the flying objects. The wind gradient caused by geophysical effect enables the sailplane or other flying objects to climb faster (i.e. higher climb rate) to achieve greater potential energy as well as descend faster to increase kinetic energy.
V.

CONCLUSION AND FUTURE WORK
From the results of the experiments, a few conclusions can be derived. Analytical airfoil data for free stream conditions may not be used directly. Secondly, there is a correlation between wind tunnel tests in free stream and in wind gradient conditions. Thirdly, optimization techniques in simulated environment based on theory of energy conservation would be highly inaccurate. The very reason that there is no speed increase with each circuit shows the inaccuracy of such a postulation. Fourthly, boundary layer studies of flow around objects are insufficient to predict flow for dynamic soaring conditions. This warrants the reinvestigation of wind gradient aerodynamics in a totally new light.
Future work has been divided into three areas. The first area involves the varying of X and Y positions to simulate the differences which occur with different positions during the dynamic soaring maneuver. The second area of investigation involves Drag coefficient measurements using the same techniques as those in this paper. The third area is to investigate the similarity between the experimental date and those obtained using analytical and numerical techniques ofCFD.
